In cold molecular clouds submillimetre emission lines are excited by the ambient radiation field. The pumping is dominated by the cosmic microwave background (CMB). It is usual in molecular line radiative transfer modelling to simply assume that this is the only incident radiation field. In this paper, a molecular line transport code and a dust radiative transfer code are used to explore the effects of the inclusion of a full interstellar radiation field (ISRF) on a simple test molecular cloud. It is found that in many galactic situations, the shape and strength of the line profiles that result are robust to variations in the ISRF and thus that in most cases, it is safe to adopt the CMB radiation field for the molecular line transport calculations. However, we show that in two examples, the inclusion of a plausible radiation field can have a significant effect on the the line profiles. Firstly, in the vicinity of an embedded massive star, there will be an enhanced far infared component to the radiation field. Secondly, for molecular clouds at large redshift, the CMB temperature increases and this of course also alters the radiation field. In both of these cases, the line profiles are weakened significantly compared to a cloud exposed to a standard radiation field. Therefore this effect should be accounted for when investigating prestellar cores in massive star forming regions and when searching for molecular clouds at high redshift.
INTRODUCTION
Molecular line profiles from prestellar and protostellar objects can potentially yield dynamical information about the collapse process that leads to the formation of stars. In the last decade or so, the common practice has been to obtain line profiles from an infall candidate and then to use a radiative transfer code, together with a dynamical model to interpret the data. Inferences are then made about the validity of one or other of the competing star formation models. However, it is becoming clear that the interpretation of these line profiles can be fraught with difficulty. Rawlings & Yates (2001) used a self-consistent chemical and dynamical model of collapsing star-forming cores to explore the effects of abundance variations. They showed that the line profiles are very sensitive to the assumed values of the free parameters in the chemical models.
Ward- Thompson & Buckley (2001) have presented a sensitivity analysis of the line profiles to various free parameters, in the context of modelling the Class 0 sources, NGC1333-IRAS2 and Serpens SMM4. The stenholm radiative transfer code (see, e.g. Heaton et al. 1993 ) was used, adopting analytical fits to the Shu (1977) collapse model for the velocity and density profiles, and an optically thin thermal balance model for the dust temperature. The following free parameters were investigated: the impact parameter, or beam offset from the central position, the beam size (or assumed source distance), the infall velocity, the fractional abundances of the tracer species (assumed not to vary with position), the turbulent velocity and the systemic rotational velocity. One of the most important (general) findings was that the qualitative shape of the line profiles -in particular the velocity separation between the red-and blue-shifted peaks in the self-reversed line profiles is highly sensitive to the turbulent velocity. This results from the broadening of the absorption profiles of the foreground envelope, whilst the total integrated flux increases with the turbulent velocity dispersion as the effective optical depth of the emitting gas is reduced.
In this paper, the results of numerical experiments to investigate the sensitivity of molecular line profiles to the radiation field incident on a realistic test globule are reported.
c 0000 RAS Firstly, the effects on molecular line profiles of changing this field from the CMB to a more realistic ISRF is investigated. Secondly, the ISRF is modified to simulate the radiation field in the vicinity of embedded massive stars. Finally the ISRF is modified by increasing the CMB temperature, to simulate the radiation field in which molecular clouds at high-redshift will be found. Our study lacks the more self-consistent approach of the combined hydrodynamical/chemical/radiative transfer models of Rawlings and Yates (2001) , but serves to show the sensitivities and hence to highlight the diagnostic strengths (and weaknesses) of line profile analyses.
The discussion is limited to two well known molecular tracers used to diagnose collapsing cores: HCO + (J=3→2) and 13 CO (J=2→1, 3→ 2). This allows direct comparison with other work; previous studies (eg. Rawlings and Yates, 2001) have shown that the HCO + transition is particularly likely to be strongly self-reversed and asymmetric, whilst the effects on the CO lines has implications for high-redshift molecular observations. The discussion is also limited to zero beam offset positions so as to allow a simple comparison of the effects discussed in this paper.
RADIATIVE TRANSFER MODELLING OF SUBMILLIMETRE LINE EMISSION
The radiative transfer code used in this work is smmol, an approximate Λ−iterative code that solves multi-level non-LTE radiative transfer problems (see Rawlings & Yates 2001 for full details). The results generated by this code can be viewed with some confidence because a series of recent benchmarking exercises have compared several such codes, including for example ratran, an accelerated MonteCarlo code described by Hogerheijde & van der Tak (2000) . Both smmol and ratran, despite the very different numerical methods used, are able to yield the same results when applied to test cases very similar to the model runs described here. The benchmarking has been described by van Zadelhoff et al. (2002) . For our numerical studies, a test globule was constructed using the class 0 source B335, which is one of the best observed (and modelled) protostellar infall candidates (e.g. Zhou et al. 1993; Choi et al. 1995; Wilner et al. 2000) . The physical parameters of the test globule (following Rawlings & Yates 2001) are based upon the models of B335 of Zhou et al. (1993) and Choi et al. (1995) . At each of fifty points in a radial grid (similar to that of Choi et al. 1995 ) the radius, density, fractional abundance, gas temperature, dust temperature, radial velocity and microturbulent velocity are specified. The density and velocity profiles [n(r) and v(r)] are taken from the Shu (1977) inside-out collapse model, with the physical parameters as specified in Table 1 . B335 is being used because there is a well developed model for it, but it is not claimed that B335 itself is being subjected to any of the effects explored in this paper.
Modifying the radiation field incident on the globule will affect the dust temperature. To account for this, the dust temperature in the globule is calculated for each radiation field using the dust radiative transfer code described in Efstathiou & Rowan-Robinson (1994) . For the case of a standard ISRF at z=0, it was verified that the radial profile of the dust temperature is comparable to that deduced from dust continuum observations of B335 (Zhou et al., 1990) . As in Rawlings and Yates (2001) , we assume that the dust and gas are thermally well coupled. Although this assumption is probably not valid in the low density (n < 10 5 cm −3 ) outer envelope, we again note that it holds in the denser line-forming core regions. In fact, the dust/gas temperature changes turn out to only have a second order effect on the line profiles compared with changing the radiation field. The collapse model is not well-justified, and more reliable evaluations of the temperature profile are now available (Shirley et al. 2000) but this approach provides a useful and well-known benchmark against which to test the effects discussed in this paper.
Most of the transitions that we consider in this study are very optically thick, so that the line profiles are relatively insensitive to the absolute values of the fractional abundances (Xi). This result is in marked difference to the findings of Ward-Thompson and Buckley (2000) who found strong qualitative and quantitative differences when Xi was varied between 10 −9 − 10 −8 . We suspect that this is a result of the inability of the stenholm code to deal with extreme optical depths. However, as emphasised in Rawlings and Yates (2000) , radial variations in the abundances can have profound effects on the line profiles. We do not want to confuse the interpretation of our results with chemical issues, so we simply adopt a two-phase chemical scheme, with separate abundances within and exterior to the infall radius (r inf ); Choi et al. (1995) used a single constant abundance in their work. The abundances used in our model -which are spatial averages taken from fig. 1 of Rawlings and Yates (2000) , are also given in Table 1 .
INCLUSION OF A FULL INTERSTELLAR RADIATION FIELD
Most molecular line transport codes adopt the CMB as the incident radiation field van Zadelhoff et al. (2002) . While this is the dominant source of radiation at the wavelengths of the molecular transitions under consideration here, a proper treatment should include the full interstellar radiation field. van Dishoeck (1994) has reviewed how such a radiation field is constructed. It contains three dominant components: starlight (mainly from B stars), dust-enshrouded massive stars, and the CMB. It is these latter two components that are modified in this work and discussed below. Firstly though, the effect of replacing the CMB with a realistic ISRF was investigated. In this work, the radiation field constructed by Evans et al. (2001) was employed. This is a combination of the radiation field introduced by Black (1994) with that of Draine (1978) . The dust radiative transfer code was used to firstly calculate the gas/dust temperature before the line profiles were generated by the molecular line transport code.
The inclusion of the Black-Draine ISRF had almost no discernible effect on the line profile shapes for both species. This is because the CMB component of the radiation field vastly dominates the line formation at these wavelengths. Therefore, in most galactic environments, it is safe to simply adopt the CMB as the only significant incident radiation field. The ISRF of Mathis et al. (1983) is a plausible alternative radiation field but using this produced little discernible 5 × 10 −9 (r < r inf ) 5 × 10 −10 (r > r inf ) X( 13 CO) 1 × 10 −7 (r < r inf ) 2 × 10 −7 (r > r inf ) Table 1 . Parameters used in the dynamical and radiative transfer model. difference in the line profiles. However, the dust continuum strength will be affected by the UV and IR photons and is sensitive to the exact form of the radiation field used.
VARYING THE INCIDENT RADIATION FIELD ON A GALACTIC GLOBULE
The embedded massive star component in the ISRF is particularly important since the few forming massive stars are typically accompanied by huge numbers of low mass star forming objects. The radiation peak from an embedded massive star typically occurs at around 100 µm and can be approximated as a blackbody of temperature ∼ 30 K (e..g. Chini et al. 1987) . In diffuse clouds the contribution of the massive star radiation field is several orders of magnitude less than the CMB at the wavelengths of molecular line tracer transitions, simply because of the small covering fraction on the sky of these regions. However, in the vicinity of a hot core or embedded UCH ii region the fraction of the sky occupied by the cloud may be large enough that the radiation field at mm wavelengths is enhanced. and 3 × 10 −1 . Of course, using an isotropic grey body flux is a crude simplification of the real situation of an adjacent localised radiation source, a point returned to in Section 6. The two arrows mark the wavelengths of the HCO + J = 3 → 2 and J = 4 → 3 lines. It can be seen that once the flux ratio exceeds around 10 −2 , the mm continuum flux at the wavelengths of the lines is altered significantly.
Figures 2-5 are 13 CO and HCO + line profiles from the test globule for the different radiation fields. Inspection of the profiles indicates that the line strengths are significantly reduced when the globule is exposed to increasing ambient radiation. The effect is slightly more pronounced in the lowest transitions of both of the species. Similar results obtain for calculations of the line profiles of CS, which for brevity are not presented here. In other words, if a cloud is close enough to an embedded massive star that over around one percent of the sky is occupied then it will not be valid to simply adopt a CMB radiation field: the diluted embedded massive star component must be added to it first. For example, the sizes of the envelopes surrounding massive stars are of order ∼ 10 18 cm and so any starless cloud within a few parsecs will be exposed to a significant flux of mm photons from the tail of the blackbody from the embedded star. Thus any future studies of individuals from the thousands of low mass stars that form in the vicinity of high mass stars should take this effect into account.
VARYING THE INCIDENT RADIATION FIELD ON A HIGH REDSHIFT GLOBULE
Star formation appears to have peaked at a redshift of around z = 1 and appears to have been occuring as early as z = 6.4 and see e.g. Illingworth 1999 for a review of the subject). The first appearance and evolution of molecular gas in galaxies over this time is also very uncertain. Norman & Spaans (1997) have discussed the formation of molecules at high redshift. While at present the observational difficulties of studying high redshift molecular clouds are severe, it is nonetheless interesting to consider the effects of the warmer CMB radiation field at earlier epochs and its effect on any molecular clouds present then. To investigate this, the Black and Draine radiation field above was modified by varying the CMB temperature component with redshift such that 
where T cmb is the current CMB temperature of 2.728 K.
Values of z up to 3 were considered. The shapes of the radiation field produced by these values of z are displayed in Figure 6 . As before, the modification of the internal temperature structure by dust heating produces only second order changes to the line profile shape. The most significant changes are caused by the change in CMB temperature, as discussed below. With the model specified as above, we considered variations in the incident FIR and mm-wave radiation field on the cloud as the only free parameter. This is initially provided by the Cosmic Microwave Background (CMB) radiation, characterised by a black-body of temperature 2.728K. The radiation is assumed to be isotropic and illuminates the exterior of the cloud. We alter the value of the FIR and mm-wave radiation field by specifying different radiation temperatures (T rad ) corresponding to redshifts of 0, 1, 2, and 3 according to equation 1.
Varying the incident radiation field in this way has an even more dramatic effect than the changes described in Section 4 -the line profiles of each of the three tracers become progressively weaker as the temperature rises, until at the highest temperatures considered in this study (≃ 11 K) they almost vanish. Higher temperature runs (not presented here) were also carried out and show that the profiles even move into absorption with increasing temperature.
Figs 7-10 show the continuum-subtracted line profiles generated for the HCO + (J= 3 → 2) and (J= 1 → 0) and the 13 CO (J= 3 → 2) and (J= 1 → 0) transitions respectively, for different values of the external radiation temperature. The gradual suppression of the emission line profile with increasing temperature is immediately clear. The numerical experiment shows how a bright FIR/mm-wave radiation field can greatly diminish 13 CO emission. Clearly the gas in a globule of thermal temperature of around 10K embedded in a medium with a thermal temper- Figure 10. Model 13 CO 3 → 2 line profiles for a Black-Draine radiation field modified such that the CMB temperature is that appropriate for high redshift. From top left to right the redshifts are: 0, 1, 2, 3 ature of say, 20K, will absorb the background radiation via molecular lines. What has been overlooked before however is that even a low temperature background will affect the line profiles. Since the separation of energy levels in many of these species is of the order of a few Kelvin, extra external photons will have the effect of increased pumping of the energy levels of the molecules. This results in increased absorption in the lower J levels and emission from high J levels.
IMPLICATIONS AND OBSERVATIONAL TESTS
The results presented here suggest that in most cases interpretations of fits to observational line profiles will be satisfactory since the background radiation field does approximate the CMB. However, for an isolated Bok globule in the vicinity of some newly formed massive stars, for example, characterising the incident as well as the local radiation field will be an indispensable first step in modelling the line profiles. Our adoption of a grey body isotropic addition to the radiation field is clearly a simplification. It seems likely that the use of non-isotropic background radiation field could yield line profile shapes that vary in strength across a source. Several straight forward observational tests could be carried out to verify the effects described here. Firstly, a sample of protostellar cores of similar evolutionary status but situated in quite different ambient medium conditions could be observed. The prediction is that the objects in the hotter environments that lead to significant dust heating and re-radiation at millimetre and sub-millimetre wavelengths will have weaker molecular emission in the low-lying transitions as compared to their more embedded counterparts. However, the strength of the higher level transitions (such as HCO + J=4 → 3) will be marginally less affected. Observations of several lines could therefore be used to diagnose the environment of star-forming regions. A second test would be to identify a source that is non-uniformly illuminated by the background radiation e.g. an object lying close to the edge of a massive star forming region. The morphological distribution, as traced by the sort of low-lying transitions described above will be biased by the effects described in this paper and should result in the spatial peak of the molecular distribution being offset (towards the cooler side of the object) from the density (continuum) peak. It is possible that the effects discussed in this paper may be partly responsible for some of the offsets between the spatial peaks in the various molecular tracers and the continuum that have been observed towards certain star-forming regions. It should be cautioned however that it will be difficult to separate these effects from those of variations in chemical abundances and kinetic temperature.
One example of a star-forming location in which the external radiation is likely to differ significantly from the CMB is the Eagle nebula. White et al. (1999) detected sub-mm emission peaks towards the heads of the famous columns. They found that the dust temperature ranges from 250-320K in the hot outer layers to 10-20K deep in the columns. Clearly, the evaporating gaseous globules (Hester et al. 1996) on the outside of the columns will be subject to much harsher environment than to clumps in the sub-mm column and to isolated B335-like cores. Similarly, Beuther et al. (2000) find a temperature gradient from 70K to below 20K across the Cepheus B molecular cloud which, like the Eagle, has a massive star heating one side of the cloud.
Most interestingly, White et al. (1999) note with concern that in the sub-mm peaks in the columns of the Eagle nebula, the (1-0) transitions in CO and its isotopes are all 2-3 times weaker than would be expected based on the strengths of higher transitions. This has implications for the common practice of using CO and 13 CO to measure cloud masses. White et al suggest that freeze-out of CO may have occurred in the coldest parts of the core. Our results may also naturally explain these anomalies -the lowest transition is being weakened by changes to the level populations due the radiation field from the nearby massive stars.
The higher CMB temperature at high redshift has a clear effect on the line profile shapes and the suppression of the line strengths could potentially lead to extra difficulties in the detection of molecular clouds at redshifts z > 1.
CONCLUSIONS AND FUTURE WORK
It has been argued that the intensity and shape of submillimetre molecular line profiles as modelled by radiative transfer codes of prestellar and protostellar cores are sensitive to the long-wavelength ambient radiation field illuminating the exterior of the cloud. Some caution is therefore suggested in the modelling of observational results -the ambient environment must somehow be constrained before fitting profiles and making conclusions about the dynamics and chemical composition of the system.
It should be noted that the effect described here is not unknown to workers in computational radiative transfer (it was discussed at the benchmarking exercise that led to the paper by Van Zadelhoff et al 2002) , in preparation). However, this is the first time that the astrophysical consequences of this effect have been explored in any detail. In future papers on star-formation, we will -following the preliminary study of Ward-Thompson & Buckley 2001) -address the issue of how the velocity structure in general, and the microturbulent velocity in particular, affects the line profiles. It is important to realise that it is essential to characterise correctly the microphysics of potential infall sources. This will eventually allow more robust inferences to be made from line profile data than is currently possible.
